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Using an electron microprobe, we measured and characterized the Nd3+ ion diffusion across a 
boundary between Nd doped and undoped ceramic yttrium aluminum garnet (YAG) for different 
temperature ramps and hold times and temperatures.  The results show significant Nd ion diffusion on 
the order of micrometers to tens of micrometers depending on the time and temperature of sintering. 
The data fit well a model including bulk diffusion, grain boundary diffusion and grain growth. Grain 
boundary diffusion dominates and grain growth limits grain boundary diffusion by reducing the total 
cross sectional area of grain boundaries.   

  
     Ceramic laser amplifier materials have recently 
been developed with laser performancei that rivals 
single crystals.  Transparent ceramics also offer near 
net shape and relatively fast and robust fabrication 
processes compared to growing single crystals.  
Aperture sizes of 10 cm have been realized enabling 
average powers of > 25 kW ii.  In addition, ceramics 
may be fabricated with dopant concentration gradients 
so as to possibly include photonic patterns, offset non-
uniform pumping patterns, create or smooth beam 
profiles, or favor a particular transverse modeiii.  
However, any tailoring of the dopant profile must take 
into account the active ion diffusion that occurs 
during sintering of the ceramic.  Ramirez et al.iv 
recently showed using confocal Raman and 
fluorescence spectroscopy imaging that there was a 
higher concentration of Nd3+ in the grain boundaries 
of transparent ceramic Nd:YAG prepared by blending 
high purity Y2O3, Nd2O3 and Al2O3 powders.  
     Nd3+ doped yttrium aluminum garnet Y3Al5O12 is 
by far the most common solid-state laser amplifier 
material.  In this study we measured and characterized 
the Nd3+ ion diffusion which occurs during vacuum 
sintering of Nd:YAG laser ceramics. Powders 
prepared by flame-spray pyrolysis (FSP) from 
Nanocerox Inc. were layered in a vacuum cold press, 
The FSP powders showed spherical morphology and 
were well dispersed with particle sizes of 30-70 nm 
from scanning electron microscope (SEM) pictures 
and BET measurements of 27.3 m2/g and 31.2 m2/g 
respectively,. Without further processing, the layered 
pellets were pressed to 67 MPa in a 13 mm vacuum 
die.  The samples were then removed and calcined at 

1050C and inserted in a tungsten vacuum furnace.  
Sintering was carried out by ramping the temperature 
at 1.25 C per minute and a pressure of less than 0.3 
mPa to a hold temperature.  Samples were heated to 
temperatures of 1600, 1650, 1700, 1750 and 1780 and 
held at these temperatures for 4 minutes, 4 hours and 
8 hours. Duplicate samples were made for each 
temperature and hold time.  After sintering, samples 
were cooled at 5 C per minute.  The pellets were 
sectioned and polished perpendicular to the 
doped/undoped interface, and analyzed by means of 
an electron microprobe (JEOL, model JXA-8200). All 
the pellets appeared transparent and showed little or 
no porosity in the scanning electron microscope 
(SEM) images except those fired at 1600 and 1650 C 
for 4 minutes which were white and clearly showed 
porosity.  
     To determine if laser quality samples could be 
made in this way, homogenous 3 mm thick pellets of 
FSP 0.6at% Nd:YAG powders were pressed as 
described above and then sintered for 8 hours at 1780 
C and hot-isostatically pressed at 1800 C and 200 
MPa  and polished.  These were mounted at 
Brewster’s angle in the center of a 5.3 cm cavity with 
a 0.8 reflectivity output coupler and pumped with a 
Ti:sapphire laser (Spectra-Physics 3900) focused to a 
0.2 mm spot.  Figure 1 shows the lasing power versus 
pump power of two ceramic samples and a single 1.1 
at % Nd:YAG crystal 4.5 mm in thickness.  Although 
the onset of lasing occurs at a higher pump power and 
the efficiency is lower than the single crystal in part 
because of the decreased concentration of Nd and the 
thinner ceramic samples (transmission is ~ 10 % 



versus less than 1 % in the case of the crystal) and 
greater surface and bulk scattering by the ceramic, 
these samples still show respectable lasing.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  Laser cavity output versus pump 
intensity for a single crystal Nd:YAG and ceramic 
Nd:YAG samples prepared as discussed in the 
text.  Insert is a picture of one of the ceramic 
samples. 
 
 In the presence of a concentration gradient in 
one dimension, the diffusion equation with a time 
dependent diffusion coefficient is given by: 
   
 
 
 
 
 
The solution can be written as 
 
 
 
 
where erf is the error function, 

0
c is the 

concentration at x << µ . µ is the point where the 

concentration is ½
0
c . != dttDtDeff )( .  Eq. 2 

provides an excellent fit to the Nd3+ concentration 
profile with R2 (measuring the extent to which the 
theory accounts for deviations of the data from the 
mean) > 0.997  for all samples.   

Also measurements were made without 
sintering that show an abrupt demarcation between 
doped and undoped regions with width equal to the 
instrument resolution. A representative concentration 

profile at 1700 C is shown in Fig. 2 and at different 
times and temperatures in Appendix A. 
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Figure 2 A graph of Nd3+ ion concentration 
profiles measured by the electron microprobe after 
vacuum sintering.  The red and green curves are 
from two different samples and the R2 values are 
computed using Eq. (2) with tDeff  chosen for a 
best fit. 

The diffusion of Yb3+ into polycrystalline 
YAG after forming a 10 nm film of Yb2O3 on the 
surface was interpreted by M. Jimenez-Melendo and 
H. HanedaError! Bookmark not defined. in terms of a 
modification of Fisher’s modelv by A. D. Le Clairevi.  
This leads to a concentration profile versus depth that 
is nearly exponential with distance.  Since our data 
fits the error function, Eq. 2, very well, we adopted a 
more heuristic model assuming each atom spends 
some time diffusing in the bulk (volume diffusion) 
and in grain boundaries (grain boundary diffusion).  
Hence the diffusion is represented by the sum of the 
probability of jumps within the crystallites plus 
diffusion along grain boundaries.  The latter depends 
on the relative cross sectional area of grain boundaries 
and varies inversely with the grain size.  Hence we 
can write  
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The first integration is over the ramp from an initial 
temperature, 1050 C, to the hold temperature ( r  is the 
ramp rate).  The second integration is over the hold 
time.  ', EE !! and "E! are activation energies for 
volume and grain boundary diffusion and grain 
growth respectively. kJ 15567 +=!E /mole was 

measured on a single YAG crystal with a Nd3Al5O12 
film using Rutherford backscattering and depth 
profiling by Cherniakvii. !  is the grain boundary 
thickness and the denominators in the grain boundary 
diffusion terms are proportional to the grain size. 

0
d  

is the initial powder sizeviii. 
 Eq. (3) can be numerically integrated over 
both the ramp and hold time for various values of the 
parameters.  Assuming that the initial powder size is 
small compared to the particle sizes during Nd 
diffusion, the parameters in Eq. 3 reduce to three. In 
Fig. 3 the measured values of tDeff are graphed 
against calculated values using the best fit three 
parameters.  Data points are for each sample.   
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Figure 3.  Measured values of tDeff versus 
calculated values for the same ramps and hold 
times using Eq. 3. All data and results of the 
calculations are available in Appendix B along 
with grain sizes . 

 
Although the model, Eq. 3, is heuristic and 

does not include surface diffusion (the latter would 
have the same form as the grain boundary diffusion), 
the fit is very good over a wide range of experimental 

conditions. When graphed on the same chart, bulk 
diffusionvii is one (at low temperatures) to three (at 
higher temperatures) orders of magnitude less than the 
grain boundary diffusion so that grain boundary 
diffusion dominates.  The results also show that Nd3+ 
diffusion on the order of a couple micrometers occurs 
even at the lower temperatures, 1600 and 1650 C. At 
higher temperatures there is significant diffusion with 
hold times as short as 4 minutes.  At long hold times 
and higher temperatures, >1750 C the diffusion of Nd 

in these samples is on the order of 2
m 250 µ .  

Hence while composite or graded transparent ceramic 
parts can be formed in this manner it is unlikely that 
photonic structures can be fabricated. 
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APPENDIX A 
 
Cross sections, diffusion profiles and grain sizes 
 

            

Title of GraphTitle of GraphSintered composites

Sintered but not HIP’d 15 mm 
cold-pressed sample cross 
section

Title of GraphTitle of GraphSintered composites

Sintered but not HIP’d 15 mm 
cold-pressed sample cross 
section                                
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APPENDIX B 
 
Table 1.  Measured values of tDeff  for each diffusion experiment including the hold temperature and time, 
and calculated values using Eq. 3 and  including diffusion during the ramp from 1050 C to the hold 
temperature and during the hold at sintering temperature.  Calcualtions use the optimized values of parameters 
given in the text.  Also in the table are grain sizes measured from fractured surfaces.  Results are for all the 
samples measured in this study.  
   
  

Sample 
number 

Hold temp.  
(C) 

Time  
(s) 

Grain size 
(µm) 

Exp. tDeff  
(µm2) 

Calc.  
(µm2) 

1 1600 240  7.8 4.5 
2 1600 28800  39.1 27.1 
3 1600 28800  36.4 27.1 
4 1650 240  14.3 9.6 
5 1650 240  14.7 9.6 
6 1650 14400  76.4 36.7 
7 1650 14400  50.1 36.7 
8 1650 28800  64.3 49.6 
9 1650 28800  81.2 49.6 
10 1700 240  24.3 20.6 
11 1700 240  24.0 20.6 
12 1700 240  29.2 20.6 
13 1700 14400  76.9 67.0 
14 1700 14400 3 66.8 67.0 
15 1700 28800  93.0 89.2 
16 1700 28800 6 96.4 89.2 
17 1750 240  46.4 44.5 
18 1750 240  53.6 44.5 
19 1750 14400  116.2 121.6 
20 1750 14400  104.7 121.6 
21 1750 28800  135.1 158.7 
22 1750 28800  130.0 158.7 
23 1780 240  78.9 71.7 
24 1780 240 6 56.7 71.7 
25 1780 14400 8 212.2 176.2 
26 1780 28800  191.7 226.8 
27 1780 28800 13 254.6 226.8 

    
 
 
 
 
 




